In this letter, we propose a simple adaptive switching scheme to enhance the performance of space-time/frequency block coded OFDM systems (STBC/SFBC-OFDM). Since STBC-OFDM and SFBC-OFDM undergo severe performance degradation in time-and frequencyselective fading channels, respectively, performance enhancement can be achieved by switching between STBC-OFDM and SFBC-OFDM over a continuously varying channel environments. Thus, a new switching scheme based on the characteristics of the actual channel is proposed. The effectiveness of the proposed scheme is demonstrated by computer simulations. key words: space-time/frequency block code (STBC/SFBC), OFDM, adaptive switching
Introduction
In modern wireless communication environments, the transmitted signal may experience various time-and/or frequency-selective fading channels continuously as a user moves around various sites with different channel conditions. Therefore, the static channel assumption over the codeword is reinvestigated and the performances of space-time block coded OFDM systems (STBC-OFDM) [1] and space-frequency block coded OFDM systems (SFBC-OFDM) [2] in highly selective fading channels are analyzed in [3] . When the static channel assumption is not satisfied, it is known that the bit-error rate (BER) performance of STBC-OFDM and SFBC-OFDM is significantly degraded due to the interference, which will be referred as crosstalk hereinafter, in decoding process [3] .
Since STBC-OFDM and SFBC-OFDM are robust against frequency-and time-selective fading channel, respectively, the technique of adaptively switching between STBC-OFDM and SFBC-OFDM is expected to improve the BER performance over a continuously varying channel, but few researches associated with switching technique between STBC-OFDM and SFBC-OFDM have been conducted. In [4] , a switching criterion between STBC-OFDM and SFBC-OFDM was found from empirical searching by comparing the BER curves of STBC-OFDM and SFBC-OFDM. Since this approach is based on empirical data, however, the proposed criterion may not be applicable for general cases. Moreover, the used approximation method fitting the data with first order polynomial might cause the performance degradation due to the fitting errors.
In this letter, we propose a new switching scheme based on the characteristics of the given channel. In the proposed switching system, the correlation values of the channel in time and frequency domains are compared to select an appropriate transmission mode. Inspired from the theoretical analysis in [3] , the magnitudes of the crosstalk and the effective signal-to-noise ratios (SNRs) for STBC-OFDM and SFBC-OFDM are also considered as switching criteria. Simulation results demonstrate that the adaptive switching system with proposed scheme outperforms the nonadaptive system in time-and/or frequency-selective fading channels.
The rest of the letter is organized as follows. In Sect. 2, the system model is described. In Sect. 3, the decoding processes of the conventional STBC-OFDM and SFBC-OFDM are analyzed. The proposed adaptive switching scheme is introduced in Sect. 4 
System Model
A block diagram of the proposed system that adaptively switches between STBC-OFDM and SFBC-OFDM is described in Fig. 1 . The system consists of a transmitter with 
is the N × N frequency domain effective channel matrix between g-th transmitter and the receiver andZ[i] denotes the noise vector whose entry is zero-mean white complex Gaussian random variable.
is time domain channel matrix and F N is the N-point fast Fourier Transform (FFT) matrix.
Assuming that N a subcarriers are active and
can be represented asX
where
is the N a × 1 data vector. When only the actual data at the receiver is considered, (1) can be rewritten as follows: are related to the inter-carrier interference (ICI) effects, (3) can be rewritten with two parts, the main diagonal terms of channel matrix and off-diagonal terms related to ICI, as follows:
, of which entries are the main diagonal terms of channel matrix, and
where W[i] consists of the noise and the ICI generated by the Doppler spread.
Analysis of Conventional STBC/SFBC-OFDM Systems

STBC-OFDM
In STBC-OFDM, the Alamouti coding scheme [5] is applied over two successive OFDM symbols and 
By multiplying both sides of (6) withΛ H , (6) can be rewritten as follows:
whereΛ
Finally, the simple maximum-likelihood (SML) detector makes a decision as follows:
Under the assumption that the channel remains static over the codeword,Λ HΛ becomes a diagonal matrix, i.e., the crosstalk, β ST , is equal to zero, thus, the SML decoder decouples the transmitted symbols perfectly. However, when the orthogonality is lost because of time-selectivity of the channel, Λ 2 [2i; k] Λ 2 [2i + 1; k], the crosstalk is introduced, and performance of the detector is affected by the interference, β ST , in (9). Therefore, the ST codeword over successive OFDM symbols may degrade the performance of STBC-OFDM in time-selective fading channel.
SFBC-OFDM
SFBC-OFDM is similar to STBC-OFDM. The Alamouti coding scheme is applied over two neighboring subcarriers in the same OFDM symbol such as X 1 (i; 2k + 1) = −X 2 (i; 2k) * and X 2 (i; 2k + 1) = X 1 (i; 2k) * . The operations of the SML decoder for SFBC-OFDM is similar to those for STBC-OFDM and the counterpart of (6) for SFBC-OFDM is expressed as follows:
By multiplying both sides of (10) withΛ H , (10) can be rewritten as follows:
and, α SF1(2) and β SF are given by
Finally, the SML detector finds what symbol is transmitted as follows:
When the orthogonality is lost due to frequencyselective fading in the SF codeword, similar to STBC-OFDM, the crosstalk, β SF , is introduced. As a result, β SF interrupts the decoding process in (13), and the performance of SFBC-OFDM is degraded by frequency-selective fading channel while STBC-OFDM suffer from time-selective fading channel.
Proposed Adaptive Switching Scheme
In this section, an adaptive switching scheme between STBC-OFDM and SFBC-OFDM is proposed to achieve performance enhancement over time-and/or frequencyselective fading channels.
As we can see in (9) and (13), the crosstalks, β ST and β SF , degrade the performance of the system, when the codeword experiences selective fading channel. From this observation, it is induced that the selection of the transmission mode with smaller crosstalk can enhance the performance over selective fading channel. Therefore, the adaptive switching scheme can be operated by comparing the magnitudes of the crosstalks of STBC-OFDM and SFBC-OFDM as follows:
As shown in [3] , the crosstalk, β ST(SF) , has the variance
for STBC(SFBC)-OFDM system, where σ 2 H , E S , and ρ t (ρ f ) are the variance of channel gain, symbol energy, and correlation between adjacent OFDM blocks (subcarriers), respectively. Therefore, (14) can be rewritten as follows:
and, as a result, the correlation values of channel in time and frequency domains are derived as the switching criterion.
The correlation values are expressed as follows:
In [3] , ρ t and ρ f were derived under the assumption of spatially uncorrelated wide sense stationary uncorrelated scattering (WSSUS) Rayleigh-fading channel with classical Doppler spectrum. It was shown that ρ t is a function of Doppler spread, which represent time-selectivity. Similarly, ρ f is a function of delay spread, which is a representative parameter for frequency selectivity. Therefore, ρ t and ρ f are decreased when Doppler spread and delay spread are increased, respectively. Meanwhile, in [3] , the effective SNRs for STBC-OFDM and SFBC-OFDM, γ ST and γ SF , with the SML decoder are represented as follows:
Since the effective SNRs in (18) are function of the correlation values, the switching criterion from (15) can be reinterpreted as follows:
Considering that the effective SNRs are directly related to the BER performance of the system, the switching criteria, (14) and (15), are expected to select the scheme with higher effective SNR and to achieve the enhanced performance over the nonadaptive system. Since the proposed scheme is based on the characteristics of channels and block encoding/decoding structure, furthermore, it can be extended for various systems with more than two transmit antennas and different transmit diversity schemes, which will be considered in future works.
Simulation Results
Monte-Carlo simulation is used to compare the performance of the proposed switching scheme with the nonadaptive STBC-OFDM and SFBC-OFDM over the Rayleigh fading channels with exponential power-delay profile. The assumed carrier frequency was 2.3 GHz and the bandwidth of 1 MHz was divided into a total of N = 128 subcarriers, with QPSK modulated N a = 96 active subcarriers. Similarly in [3] , the length of CP was assumed as 1/4 of the symbol duration, i.e., 32 μs, thus, the OFDM symbol duration was 160 μs. Also, perfect channel estimation and zero-delay feedback are assumed. Figure 2 shows the averaged BER performance versus normalized Doppler frequency and root mean square (rms) delay spread for the proposed adaptive switching system and the nonadaptive STBC-OFDM and SFBC-OFDM, at SNR = 25 dB. As shown in the figure, the proposed scheme outperforms the nonadaptive STBC(SFBC)-OFDM over various time(frequency)-selective fading channels. Note that the switching plot of the proposed scheme is not closely fitted with STBC-OFDM and SFBC-OFDM plots in the figures because the BER performance is averaged over 10 6 channel realizations. Figure 3 shows the averaged BER performance comparisons between the proposed system and the conventional nonadaptive systems over the continuously varying channels with time and frequency selectivity. The rms delay spread, τ rms , and the normalized Doppler frequency, Δ f , with uniform distributions from 0.5 μs to 10 μs and from 0.001 to 0.06, respectively, are used to generate various time-selective and frequency-selective fading channels. As shown in the figure, the proposed adaptive switching system outperforms the nonadaptive STBC-OFDM and SFBC-OFDM over continuously varying channels.
Conclusion
We proposed an adaptive switching scheme to achieve performance enhancement over time-and frequency-selective fading channels in STBC-OFDM and SFBC-OFDM. A comparison of the actual correlation values of the channel in time and frequency domains allows adaptive switching between STBC-OFDM and SFBC-OFDM which enhances performance. The simulation results demonstrated that the proposed system outperforms the nonadaptive systems over continuously varying channels with time and frequency selectivity.
